Abstract-A method for the functionalization of surfaces within soft glass microstructured optical fibers has been developed, using self assembled monolayers (SAMs) of silane coupling agents. We demonstrate the use of measurements of the fiber capillary fill rate, as a positive test for a functionalized internal surface. A simple theoretical model is used for comparison with measured fill rates. During this work, adsorption kinetics for SAMs of octadecyltrichlororsilane onto lead silicate glass has been investigated. This work is a critically important first step for a plethora of applications in biophotonics, chemical fiber sensing as well offering promise for protecting fiber glass from degradation.
practical concern is that the introduction of holes within the fiber cross section can accelerate this degradation [8] , reducing the lifetime of the fiber. Silane coupling agents (SCAs) have been applied to conventional fibers both as a protective layer, and as an adhesive promoter for the application of protective polymer coatings [9] . Octadecyltrichlorosilane (OTS) is known to form closely packed, self-assembled monolayers on hydrated oxide surfaces (typically silica, or silica-like surfaces) [10] [11] [12] [13] [14] [15] [16] [17] Such monolayers render the surface hydrophobic due to the long, outward oriented alkyl chain, which act to passivate it and thus chemically protect the bulk glass from further water adsorption/absorption [15] .
Such coupling agents can also be used to provide new surface functionalities, for example, by providing a functional group for chemically specific molecular binding. In contrast to polymers, proteins cannot bond directly to a glass surface. The general surface functionalization approach presented here has provided a route to achieve protein immobilization at the surface of a glass core; work which was recently presented in [18] . This, in turn, paves the way towards selective detection of proteins using glass MOFs, as has been demonstrated for polymer MOFs [4] . This would be a huge step forward in a number of areas including fiber sensing, proteomics, and biophotonics. In addition, modeling of fluorescence-based fiber sensors has demonstrated that immobilization of molecules to be detected at the fiber core will enhance the efficiency with which the fluorescence is captured in the fiber core [19] .
We are interested in soft glass MOFs for several reasons. Soft glasses offer optical and thermal properties that are not available with silica. For example, soft glasses can transmit light in the midinfrared spectral region and exhibit high nonlinearity. They have lower glass softening points than silica, enabling preform fabrication via extrusion through complex stainless steel dies, which in turn, has enabled a wealth of new and exciting MOF hole geometries [2] , [20] .
We demonstrate that films of self-assembled monolayers (SAMs) of octadecyltrichlorosilane (OTS) can be successfully applied to the internal surfaces within a lead silicate MOF. This is achieved by measuring the resultant change in the surface tension within the holes of the MOF, as manifested in modifications to the rate at which fluids can fill the fiber holes. We also provide evidence for monolayer formation on the lead silicate (soft) glass used via FTIR spectroscopy, and contact angle measurements of the film. To the best of our knowledge, there has been no literature on the application of SCA monolayers to soft glasses. This provides a proof of principle that MOFs can be surface functionalized using self assembled layers of SCAs. 
II. BACKGROUND AND EXPERIMENTAL

A. Fiber and Glass Choice
The glass selection for the fiber used in this study is a lead silicate glass purchased from Schott Glass Company referred to as SF57. This glass is generally of interest in nonlinear fiber applications, and has been used to produce highly nonlinear MOFs [21] , [22] . Furthermore, it consists of approximately a 1:1 SiO :PbO mixture (measured via energy dispersive x-ray analysis), and as an oxide glass, we expect it to display similar surface chemistry to SiO (silica) for our application. To investigate the behavior and kinetics of silane SAMs on SF57, flat 3 mm thick plates were first polished to , and then cut into 4 4 mm samples with a diamond saw. Fig. 1 shows an SEM image of the suspended core MOF geometry selected for functionalization within this study. In this geometry, the small triangular core in the centre of the fiber acts as a nanowire that is surrounded by three large air holes, and isolated from the external environment by three long, fine supporting struts. There are two regimes of confinement of the guided mode ( Fig. 2) : for core diameters larger than or comparable to the guided wavelength ( m for SF57), tighter confinement results from a smaller core. Whereas for diameters significantly smaller than the guided wavelength ( m for SF57), decreasing core sizes have less confined modes, resulting in a higher optical power in the air filled region. The first regime leads to high intensities in the core, making the fiber geometry suitable for nonlinear optical applications [21] , [22] .
While for the latter regime, a higher intensity in the cladding favors sensing applications [5] , with a high air filling fraction also enabling a large volume of fluid to be introduced.
B. OTS Solution Preparation
OTS CH CH
SiCl was purchased from SigmaAldrich at 90% purity (the remaining 10% is composed of long chain alkanes), and a solution of OTS in Hexadecane (Sigma 99% purity) was made to 2 mM concentration. The hexadecane was dehydrated by storing it with molecular sieves. Formation of monolayers is via the hydrolysis of the chlorine head groups with surface water to form silanols, followed by condensation reactions of the silanols with surface hydroxyl groups present on oxide surfaces [12] , [15] , [23] , [24] .
Hydrolysis:
Layers are generally ordered and closely packed, given sufficient surface hydroxyl group density [9] , [10] , [15] . Covalently bonded monolayer formation is generally claimed in the literature when the coverage (measured by FTIR spectroscopy) saturates with time following Langmuir kinetics, while an ordered layer results in a water contact angle of 112 [12] , [13] , [15] , [16] , [25] .
C. Investigations Into the Kinetics of OTS Self Assembly Onto SF57
In order to assess irreversible OTS film formation on SF57 glass, we investigated the kinetics of the film formation on the polished 4 4 mm samples by directly dipping them into solution for the required time. This was followed by a cleaning stage, in which the samples were placed into warm 50 C analytical grade toluene ( 99% purity) in an ultrasonic bath for 20 min. The predominant reason for the inclusion of this stage is to remove any residual solvent molecules and unbound silane from the glass surface, ensuring that only bonded molecules remain [26] . This also demonstrates the films robustness in a relatively harsh environment. The samples were analyzed using both FTIR spectroscopy and contact angle measurements as is frequently done in the literature for such SAMs [9] [10] [11] [12] [13] [14] [15] [16] [17] , [25] [26] [27] . The FTIR spectra were measured in the attenuated total internal reflection mode, which is highly surface sensitive due to the short penetration depth of the evanescent field at the glass surface. We used the vibrational modes of the hydrocarbon tail (the CH stretches in particular) for analysis of the film formation kinetics due to its strong signal compared with uncoated samples. Although the OH group is the functional end of both the glass and the silane, it is not useful for quantitative analysis. Aside from producing a weaker signal than the CH band, bonded silane will at best remove one OH group from the surface, sometimes introducing up to two additional groups depending on the degree of cross-linkage in the film. There will therefore be no net change on average, in the number of OH groups present within measurement uncertainty.
To provide further insight in the film formation, we measured contact angles using a small stage to mount and position the sample below a microliter syringe, in front of a CCD camera. A small drop of water is placed on the surface, and a picture taken, which is used to determine the contact angle. This is repeated no less than 5 times for each sample to ensure reproducibility.
D. Filling, Flushing and Emptying the Fiber
As MOFs contain micron sized holes these act as small capillaries with relatively large capillary forces when dipped into solution. MOFs will fill naturally due to these forces, and in particular, if the MOF is horizontal any length of fiber can in principle be filled. We have developed a novel method for measuring the fill rate of MOFs, and have the ability to apply a pressure difference across the length of the fiber holes. As will be shown, this is advantageous as MOFs fill relatively slowly compared with the deposition kinetics of OTS.
The filling rate is measured by a novel method recently developed within our research group [28] . Briefly, a low concentration (1 mM or less) rhodamine-B dye solution is allowed to fill the fiber via capillary action from one end. 532 nm (green) light from a diode laser is launched into the fiber core which then excites the dye present in the holes. The rhodamine-B fluoresces red, and at the liquid air interface, a bright yellow spot is seen to move up the fiber. Alternatively a green optical filter can be used to locate the red spot. Unfilled fiber glows bright green due to scattering and loss through the cladding. Filled fibers appear almost entirely dark due to absorption by the dye. This allows the fill rate to readily be measured with an uncertainty in the spot position of approximately 5 mm. The setup is schematically represented in Fig. 3 . The model of capillary filling by Washburn [29] is used to compare with experimental data. Washburn begins with Poiseuille's law for a circular tube (1) where is the volume of fluid in the capillary, its radius, and the fluid viscosity. is the capillary length filled (i.e., fiber length filled) at time , the coefficient of slip, and is the total driving pressure (i.e., the sum of all pressure sources acting on the fluid). Including pressures for a horizontal tube at a depth in the beaker and integrating with respect to time yields the following result for the time dependence of the fiber length filled: (2) where , , and are the liquid density, surface tension and contact angle, is acceleration due to gravity, and is any external pressure difference between the capillary ends.
E. Fiber Coating
Three stages were employed to coat the MOF, and each stage is performed using a pressure difference to force fluids through the fiber at an increased rate. The fiber is sealed at one end using a rubber stopper (suba-seal) and glass tube, which is connected to a small diaphragm pump via a needle (see Fig. 3 ). This end will be referred to as the "pump end" throughout the paper. The other end of the fiber (referred to as the "solution end") is placed into a beaker containing the required deposition solution. The exact pressure difference introduced is not measurable with the current setup; however, the diaphragm pump is capable of producing a vacuum of 1300 Pa.
The first stage is self assembly of the OTS film in which the silane solution is passed through the fiber and sufficient time is given to allow the SAM to form. The pump is then stopped and the cleaning (second) stage begins by replacing the silane solution with toluene and restarting the pump. Following this, the fiber is removed from the liquid and air is pumped through, drying the surface of the holes (the third stage). A short piece of fiber ( 50 cm) was coated initially using the following conditions, chosen based on the results for polished 4 4 mm samples: 90 min on stage one, 30 min on stage two, and 12 min on stage three. The fiber was then carefully removed from the rubber seal, and a second, longer piece of fiber ( 1.2 m) coated with the following conditions: 150 min (stage one), 60 min (stage two), and 30 min (stage three). Approximately 5 cm was cleaved from both ends of each piece of fiber to ensure an uncoated cleaved end-surface is present.
III. RESULTS AND DISCUSSION
A. FTIR and Contact Angle Results
As mentioned, we focus on the CH stretch absorption band in the FTIR spectra, as a relative measure of the surface coverage of OTS. Due to the long alkane chain, this is the strongest absorption feature of the OTS molecule, and we give an example for a series of 4 4 mm samples in Fig. 4 . The spectrum of an uncoated sample has been subtracted from all traces in the figure giving the relative increase in absorption for different deposition times.
The area under the CH asymmetric stretch peak of the FTIR spectra versus dipping time is shown in Fig. 5 . The error bars represent the experimental uncertainty associated with the measurement technique; that is a sum of both the instrument uncertainty and the uncertainty associated with repeated measurements of a given sample. The data point is an average of these measurements. Basic adsorption theory predicts Langmuir kinetics ( where is the coverage, is a rate constant and is time) for irreversible film adsorption to a substrate [9] [10] [11] [12] [13] [14] [15] [16] [17] , [25] [26] [27] . The solid line in Fig. 5 represents a Langmuir kinetic response. Although oscillatory adsorption of silanes has been shown to occur [30] [31] [32] , it has been not been observed for OTS due to its relatively large molecular mass [31] . Five deposition time data points (20, 60, 100, 140, and 180 min) were produced in triplicate to investigate reproducibility of the film formation. It is clear that there is a significant variance in the triplicate measurements, and given this, the data lies within the Langmuir regime. The observation of Langmuir adsorption kinetics demonstrates the irreversible chemisorption of OTS via covalent bonding to our SF57 glass samples, as reported in the literature for silica substrates [9] [10] [11] [12] [13] [14] [15] [16] [17] , [25] [26] [27] . Contact angles for selected samples are also given in Fig. 6 . The dashed line at 90 represents the crossover between a wetting and nonwetting surface, which for water implies hydrophilic and hydrophobic surfaces respectively. One 60 min sample shows a contact angle of 112 indicating a closely packed layer. However, in the majority of cases, the contact angle is lower than that observed for silica indicating a lower degree of packing and/or coverage. For the purpose of this study, the critical feature is that a hydrophobic surface is readily obtained on SF57. This implies that the (relatively high) surface tension of the glass is drastically reduced to below that of water, resulting in nonwetting behavior. Studies of OTS films on silica have shown the surface tension of the film to be 20-30 mN/m [15] , whilst water has a surface tension of approximately 70 mN/m [33] at the same temperature.
B. Capillary Flow Rate for Uncoated Fiber
We have measured the capillary fill rate of both isopropyl alcohol (IPA) and deionized water for an uncoated SF57 suspended core MOF using the method outline in Section II. The experimental data are given in Fig. 7(a) while Fig. 7 (b) plots versus showing excellent agreement with the model in [29] . We performed a fit of the data in (a) and extracted the coefficient of slip using the physical properties of both liquids taken from [33] at 20 C, taking the contact angle as that measured on the flat samples (IPA contact angle 5 ). The radius of the capillary is approximated by taking the area of one MOF hole, and equating it to the area of a circle which gives a 4 m radius. For water, the best fit is achieved for a slip coefficient of , while for IPA the coefficient seems negligible . This can be qualitatively understood through the following reasoning. The slip coefficient can be defined as the ratio of viscosity to the frictional force coefficient [34] . The larger surface tension (and therefore contact angle) of water implies a lower friction coefficient compared to IPA, while their viscosities are of the same order. We thus expect water to exhibit a larger slip.
C. Capillary Flow Rate for Coated Fibers
To verify the existence of a thin film within the MOF holes, consider the extreme case of water and a complete closely packed layer. The glass surface will be nonwettable and a capillary depression will occur akin to mercury in a glass tube, i.e., no filling will be seen. For less complete layers with higher surface tension(s), the filling rate should be dramatically reduced. Thus, repeating the fill rate measurement for the coated pieces will verify the presence of the film, and constitutes a positive test for functionalization of the surface. The shorter piece of fiber was tested first by placing it into a water/dye solution as described in Section II. Both ends were tested and after more than 12 hours in the solution there was still no visible fluorescence and no dimming of scattered light due to absorption by the dye from either end. In the unlikely case that the presence of the rhodamine dye significantly altered the water surface tension, therefore this result was visually confirmed under an optical microscope where it is possible to clearly see a (pure) water droplet drawn up by an uncoated fiber. IPA, which has a comparable surface tension ( 22 mN/m) [33] to the OTS films [15] was seen to enter this short piece of fiber under the microscope. However, due to breakage this piece was too short at this stage to conduct a quantitative fill rate measurement. The second, longer piece of fiber was then tested with no filling of water observed from the solution end of the fiber. The pump end, however, showed dramatically reduced capillary filling for water. This was measured, along with IPA filling rates, and the results are given in Fig. 7(a) . A dramatically lowered filling rate is observed for both water and IPA, indicating a significant modification to the MOF surface, and a positive test for film presence. Whilst IPA is expected to fill the fiber, since it has a surface tension comparable to that of the film, it is clear that the pump end of the fiber has an incomplete layer, with the surface still wettable by water. Although the contact angle is unknown for this incomplete layer, and thus becomes a free parameter for a theoretical fit, Fig. 7(b) confirms the dependence for the coated fiber allowing us to explore its possible values; and we expect the water contact angle to be close to the 90 limit (any higher and a capillary depression would occur) for the following reason. While we can no longer extract the coefficient of slip, the smallest contact angle possible would occur for zero slip, and for this case a fit [shown in Fig. 7(a) ] gives 89.8 . Any nonzero slip will only increase this towards the 90 limit, and thus the possible range of contact angles agrees with our observation. Notice that the filling rate of IPA is lower than water in all cases as expected due to its lower surface tension, and in particular, is lower from the solution end of the fiber supporting the claim of a less complete (higher surface tension) layer at the pump end of the fiber.
Although the effect of a thickness gradient in the film was not observed with the shorter piece of fiber, it is expected to occur for the following reasons. According to Langmuir kinetics, OTS should ideally form only a monolayer, and the glass surface exposure time past saturation should not be of concern. In practice this is not so. Hydrolyzed silanes are able to cross link to one another, via the same condensations reactions bonding them to the fiber surface. As dimers and larger units form [26] , a cloudy solution results due to polymerization lowering its concentration and reducing the deposition rate. Dimers (and larger units still in solution) also facilitate a less ordered film formation (with lower contact angle(s)) as well as multilayers [26] , [27] , with these effects strongly dependent on moisture content in the atmosphere and in solution [15] , [23] . Indeed, for our experiment, the solution displayed cloudiness towards the end of the 150 min solution stage of deposition. One can avoid this by working under a controlled atmosphere; however, this was not done in this study. The lowered concentration coupled with a reduced exposure time at the pump end results in an effective deposition time well below saturation.
Thus the observed thickness gradient in the film is very reasonable, with a more complete, possibly multilayer film forming at the solution end, and an incomplete, less ordered layer toward the pump end. Without the introduced pressure difference, which significantly increases the fill rate, we predict this effect would be much more significant and may have been observable in the shorter piece. Given the success we have observed in applying the model by Washburn, one could use this model to gain an estimate of the increase in filling rate as a result of the external pressure difference by simply including it in (2) (the coefficient of slip would also be affected however). It should be noted that even though this effect was not observed in the shorter piece, a thickness gradient is still extremely likely. The implication is simply that the surface is not wettable from either end.
IV. CONCLUSION
We have investigated the adsorption properties of self assembled monolayers of octadecyltrichlorosilane onto lead silicate glass and found similar behavior as that seen for silica. Based on these results we have successfully demonstrated that the internal surfaces of a lead silicate microstructured optical fiber can be functionalized with such self assembled films of silane coupling agents. The capillary fill rate of our fibers is measured for both water and isopropyl alcohol via a novel method recently developed at our centre, and we measure fill rates which agree strongly with theory. It is shown that a comparison of fill rate before and after application of the silane can be used as a positive test for surface functionalization. The functionalized fibers have a dramatic reduction in measured fill rates, with the extreme case of no capillary filling (i.e., a capillary depression) for nonwettable layers observed, as a result of the silane films' low surface tension. This work provides the first step toward further research into more exotic functionalization of microstructured fibers in applications such as biophotonics and chemical fiber sensors, as well as increased glass protection from water degradation. Although the method has been presented for a specific fiber geometry and glass, it could be translated with ease to other geometries and (oxide) glasses.
